Abstract. Cuicocha is a young volcano adjacent to the inactive Pleistocene Cotacachi volcano complex, located in the western cordilleras of the Ecuadorian Andes. A series of eruptions with intensive ash emission and collapse of the caldera occurred around 4500-3000 y BP. A crater 3.2 km in diameter and a maximum depth of 450 m was formed. Further eruptions of the volcano occurred 1300 y BP and formed four smaller domes within the caldera. Over the last few hundred years, a caldera lake has developed, with a maximum depth of 148 m. The lake water is characterized by sodium carbonate with elevated concentrations of manganese, calcium and chloride. Nowadays, an emission of gases, mainly CO 2 , and an input of warm spring water occur in Lake Cuicocha. The zone of high activity is in the western basin of the lake at a depth of 78 m, and continuous gas emissions with sediment resuspension were observed using sonar. In the hypolimnion of the lake, CO 2 accumulation occurs up to 0.2% saturation, but the risk of a limnic eruption can be excluded at present. The lake possesses monomictic stratification behaviour, and during overturn an intensive gas exchange with the atmosphere occurs. Investigations concerning the sedimentation processes of the lake suggest only a thin sediment layer of up to 10-20 cm in the deeper lake basin; in the western bay, in the area of gas emissions, the lake bottom is partly depleted of sediment in the form of holes, and no lake colmation exists. Decreases in the lake water level of about 30 cm y −1 indicate a percolation of water into fractures and fissures of the volcano, triggered by a nearby earthquake in 1987.
Introduction
Lakes, built up in a crater or caldera, are strongly influenced by volcanic or post-volcanic activities such as gas emission and hydrothermal water springs or by deep seated geothermal systems. Thus, different volcanic lake types are formed, and have been classified by their water physico-chemical constraints by Pasternack and Varekamp (1997) . These authors distinguished volcanic lakes with different levels of activity, namely cool to hot acid-brine lakes, reduced to oxidized acid-saline lakes, acid-sulphate lakes and bursting to buoyant plume bicarbonate lakes; only neutral dilute volcanic lakes do not show any activity. Interaction of a rising fragmented magma with the lake water can produce violent hydromagmatic explosions that may generate very hazardous base surges and a huge emission of fine ash. In lakes where the water level is near to the rim, water overflow may occur with generation of lahars and floods.
An extensive survey of lake eruptions is given by Mastin and Witter (2000) , listing in total 47 volcanoes with 275 lake eruptions; they are dominated by numerous events of relatively few volcanoes. Base surges, lahars and floods have been devastating during some eruptions, but up to now no specific conditions are recognized to produce these hazards (Christenson, 2000; Matthews et al., 2002) . The evaluation of the natural hazard from volcanic lakes should be focus of investigations due to the devastation of eruptions through such lakes.
In many volcanic areas and geothermal fields, high emissions of CO 2 gas occur and the CO 2 is dissolved in lake water (Martini, 1993; Chiodini and Frondini, 2001) . The accumulation of CO 2 in volcanic lakes is a process well known since the disaster of Lake Nyos, which was followed by intensive international research to analyze the phenomenon of gaseous eruption Sigvaldason, 1989, 1990; Evans et al., 1994; Kusakabe et al., 2000; Kling et al., 2005) . Under pressure, large amounts of CO 2 are soluble in water, and at a depth of 100 m up to 15 l of pure CO 2 gas can be dissolved in 1 l of water at equilibrium (Colt, 1984) . Consequently, a significant level of CO 2 accumulation can occur only in deep volcanic lakes. This CO 2 accumulation is strongly influenced by limnological processes such as thermal or chemical stratification of the water body (with inhibition of lake mixing and CO 2 degassing to the atmosphere), chemical reactions of CO 2 such as the formation and precipitation of siderite (FeCO 3 ) or calcite/aragonite (CaCO 3 ) and the bacterial reduction of CO 2 to CH 4 (Schoell et al., 1988) . Up to now, the processes of CO 2 input in volcanic lakes and the possible degassing or eruption mechanisms are not yet sufficiently understood, and many of the deep caldera lakes with regard to their eruption risk have not yet been studied. Worldwide 75 calderas contain one or more lakes, 24 caldera lakes are known to be >100 m depth, but for most the depth is unknown (Larson, 1989) .
Many Andean crater lakes are poorly investigated, although this is a region with a great number of active volcanoes. In Ecuador, two lakes are known to be active volcanic lakes, the Quilotoa (Aguilera et al., 2000) and the Cuicocha (von Hillebrandt and Hall, 1988) , located in the high Andean region >3000 m a.s.l.; both volcanoes have formed large and deep caldera lakes.
The focus of this study was the integrative evaluation of the Cuicocha crater lake to obtain a better understanding of the lake evolution, the CO 2 emissions and the possible hazards of caldera lakes (Gunkel et al., 2008) .
Regional setting
Lake Cuicocha is a caldera lake in the western cordilleras of the Andes, located about 100 km north of Quito, Ecuador, near Otavalo (Fig. 1) . It is situated 3072 m a.s.l., has a diameter of 3.2 km, a surface area of 3.78 km 2 and a maximum depth of 148 m; two islands, which represent the last main volcanic events form the central part of the caldera, Island Yerovi (0.26 km 2 ) and Island Wolf (0.41 km 2 , Fig. 2 ).
Cuicocha is a parasitic volcano of the Cotacachi volcano, which was active in the Pleistocene period (Fig. 3) ; Cotacachi is situated in the Otavalo-Umpalà fracture zone (Hanuš, 1987) . Geochemical and mineralogical investigations do not indicate that both volcanoes were fed by the same type of magma (Gunkel et al., 2009b) . Cuicocha began its activity with a series of eruptions 4490-2990 y BP, including lava flows and ash falls with depositions of 150 m thickness (Fig. 3) . The collapse of the dome with the formation of a caldera after the 2990 y BP eruption (Mothes and Hall, 1991) was followed by further eruptions which finally built up four domes within the caldera (1350-1230 BP; Gunkel et al., 2009b) . The absence of volcanic glass in the erupted fresh lava flow of the Yerovi and Wolf domes indicate that the lava had no contact to water; the lake formation began later, after the caldera was partly filled with slope debris from the crater walls and sediments from the catchment area, and fractures and fissures were clogged, approximately 1000-500 years ago.
The water basin of Lake Cuicocha is formed by the flanks of Cotacachi volcano (Fig. 3) , the soils consist of volcanic deposits mainly andesite with a high SiO 2 (57.4-61.3%) and Al 2 O 3 (16.8-18.3%) content and are of remarkably uniform composition, presumably reflecting a steady state process of magma genesis over a long period of time. The investigated rocks from Cotacachi are medium calc-alcalic with a K 2 O content that ranges between 1.1-1.3% and a Na 2 O content between 3.4-3.9% (Gunkel et al., 2009b) .
The soils are in an early stage of development with a low clay content classified as andisols with paramo vegetation. Allophane and Al-humus complexes dominate the colloidal fraction. The topsoils are rich in organic matter because the cold temperatures favour an accumulation of organic carbon (Zehetner et al., 2003) .
Two other lakes, located near to the Cuicocha volcano, were used as reference systems (Fig. 1) . Lake Mojanda is a caldera lake of the Mojanda volcano, which was active 43 000 y BP (Robin et al., 1997) ; the caldera lake has a depth of 80 m with a maximum diameter of 2.6 km. Lake San Pablo is a 35 m deep glacial lake on the flanks of the volcano Imbabura Gunkel and Casallas, 2002; Casallas, 2005) .
Materials and methods

Digital elevation model (DEM)
A digital elevation model (DEM) including the lake basin, was developed with data from the IDR, France, based on digitalized topographic maps 1:50 000 (Souris, IRD, France), together with GPS field data of the crater rim, and with about 1250 data points in 100 profiles from the lake. Bathymetry was investigated using sonar (Garmin Fishfinder 250 C) with a double frequency (50/200 kHz) and a GPS (Garmin 60 CS) for localisation. The DEM was developed using ArcGis 9.0 with Spatial Analyt software, and a horizontal resolution of 10 m was reached.
Meteorological data
The lake's water level was registered using an installed level indicator over a three year period (2004) (2005) (2006) , precipitation was determined by a simple rain water collector, and evaporation was registered in a water filled tank, both were installed near the lake shore on a house roof in the shade. A direct measurement of evaporation by a tank in the lake was not possible due to frequent theft. Air temperature was measured daily with a minimum/maximum thermometer.
Water analyses
Lake Cuicocha was investigated by a regular monitoring program during the years 2004-2006, every year there were two investigation periods, February to April (rainy period) and Fig. 3 . DEM of Cotacachi volcano complex with the parasitic Cuicocha volcano and the caldera lake (DEM development with data of Souris, IRD, France), scale: the diameter of Lake Cuicocha is 3 km.
Fig. 4.
Bathymetric map of Lake Cuicocha, based on 100 profiles with 1.250 data points, given are the 50 m contour lines, lake level 3072 m a.s.l.; WS = water sampling positions; C = water inflow by cascades; WWS = warm water springs, • = areas with volcanic gas emissions.
July to October (dry period). Different positions were investigated, the deepest 148 m area (in total 17 profiles) and the western basins 78 m depth (4 profiles) as well as 6 other profiles at different places (Fig. 4) . Water chemistry data include 6 vertical profiles (in 08/03, 09/03, 03/03, 08/04, 03/05, 08/05), and lake profiler data diagrams (T, pH, cond., E 7 ) are based on 10 profiles (in 08/03, 09/03, 03/04, 08/04, 03/05, 08/05, 04/06). Too horizontal drifting of the lake profiler near the lake bottom was done frequently.
Sampling in the nearby Mojanda crater lake was carried out in August 2003, and investigation of Lake San Pablo was done in 1998-1999 by an intensive monitoring every 2-3 weeks Casallas and Gunkel, 2002) .
Temperature, pH, conductivity, CO 2 and redox potential (E 7 ) were determined using a lake profiler (Ocean Seven 316 with CO 2 probe, Idronaut, Italy). The data acquisition was linear every 1.0 m, a few high resolution profiles were taken every 0.2 m. The accuracy of the probes was extremely high and within values for temperature 0.003 • C, for pH 0.01 pH units and for redox potential 1 mV were determined. The CO 2 probe was not stable over daily periods, and it was necessary to calibrate the probe before use. Oxygen within the carbonate precipitations was determined using optical oxygen sensors of ∅2 mm with a Fibox 3 oxygen meter (PreSens, Germany).
The density of the water was calculated under consideration of salinity, local pressure and temperature using the formula of Chen and Millero (1986) for natural waters and is expressed as ρ (S,T,Psurface) (=density 1000 kg/m 3 ); salinity was calculated by the total ionic content. Calcium carbonate saturation index was calculated with the MINEQL 4.5 program.
Water samples were taken using a Ruttner type water sampler (Hydrobios, Germany). Depth of water sampling as well as of other equipment was controlled by sonar (Garmin Fishfinder 250 C) which enabled a high precision for data registration near the sediment. For cation and anion analyses, the water was filtered immediately after sampling into HDPE bottles, using 0.45 µm polyacetate filters. Water was preserved with HNO 3 , respectively HCl (at pH∼1). Samples of suspended material were obtained by filtration of 250 mL lake water using 0.4µm polycarbonate filters (Nuclepore) for Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS) analyses. The wet polycarbonate filters were stored in plastic bags with taps soaked with formaldehyde (37%) for preservation.
On Island Yerovi, the warm water spring was sampled by a small well with 0.5 m depth.
The data base for the lake water chemistry includes 6 profiles (36 data points), isopleths diagrams (T, pH, E 7 ) are based on 10 vertical profiles with 2275 data points, Cacarbonate saturation index includes 69 data points, and CO 2 concentration is based on 86 analyses.
CO 2 , HCO − 3 and CO 2− 3 determinations were carried out on the sampling day according to the German Standard Methods for pK a and pK b determination (DEV, 2005) . Water chemistry of the non-reactive cations and anions was investigated in the laboratory of the Technical University of Berlin, Department of Water Quality Control, Germany, using preserved water samples.
Dissolved as well as total cations Ca 2+ , Na + , Mg 2+ , K + , As 3+ , Al 3+ (50-200 µg L −1 ) and Fe 2+ /Fe 3+ (2-50 mg L −1 ) were analyzed by flame atomic absorption spectroscopy (AAS; GBC Scientific Equipment, Pty. Ltd. Victoria, Australia); for some cation analyses a graphite ASS (Varian Spectra A-400) was used (Li + , Al 3+ [10-50 µg L −1 ], Fe 2+ /Fe 3+ [10-50 µg L −1 ] and Mn 2+ ). The determination of Al was recognized to be critical, because settling of fine suspended precipitates occurred in the GC vials, thus only freshly diluted samples were injected by hand immediately after preparation into the AAS analyser (Gunkel et al., 2009a) . Anions Cl − , SO 2− 4 , PO 3− 4 , NO − 3 were analyzed using an ionic chromatograph (AS 50 Dionex) with CD 20 detector, GD 50 gradient pump and AS 11 column for separation. Boron was determined photometrically (DEV, 1981 ; Dr. Lange test LCK 307) with a detection limit of 0.05 mg L −1 .
Gas analyses
Gas sampling was done directly with gas chromatography (GC) vials at the lake shore and on Island Yerovi. Analyses of CO 2 , CO, O 2 , N 2 , N 2 O, and CH 4 were carried out using a GC with flame ionisation detection (FID) and thermal conductivity detection (TCD) at the Leibniz-Institute of Freshwater Ecology and Inland Fisheries, Berlin, Germany, a few weeks after sampling. Vial storage and gas filling of the syringe was done underwater due to the low pressure in the vials. Detection of gas emissions was done by sonar, a method applied sometimes in limnological research (Ostrovsky, 2003; Ostrovsky et al., 2008 ) using a Garmin Fishfinder 250 C (double frequency, 50/200 kHz), the boat was not moved, so that the rising gas bubbles gave a diagonal line signal. The signal could be verified by visual gas bubbles at the lake surface.
Sediment analyses
Suspended material was collected using 8 sediment traps, 8 cm ∅, 50 cm length, which were exposed in the lake for two periods, each one for 2 weeks at depths of 15, 30, 50 and 70 m in the western bay of the lake. Samples were preserved with 4% glutaraldehyde solution for further investigation.
For water depth determination, Garmin Fishfinder 250 C sonar was used, the application of sonar allowed detection of the lake floor as well as recognition of resuspended sediments as a consequence of gas eruptions and gave an indication of sediment density.
A Sony HCR-HC16E digital video camera was modified as an underwater camera, protected by a purpose built aluminium housing, equipped with 4 underwater lamps type Nemo 8C Xenon, 14 watt. With this camera, the sediment type and gas emissions with sediment resuspension were registered as well as the penetration of the sediment core sampler into the sediment was studied. Sediment samples were collected by an Ekmann-Birge sediment sampler and a sediment gravity corer, 5 cm ∅ with a sediment capturer. Sediment sampling was recognized to be very difficult due to only a thin sediment layer on the stony floor and to sediment oversaturation by gases, which led to the loss of sediments while degassing during lifting of the equipment. Sediment samples were prepared using an HCl/HNO 3 acid digestion method (VDLUFA, 1991) , and then analyzed using the above mentioned analytical methods.
Results
Lake morphology
The watershed of Lake Cuicocha is very small and amounts to 18.2 km 2 , extending onto the flanks of Cotacachi volcano (Fig. 3) . Most of the caldera flanks and of the islands have steep inclinations, and a flank inclination mapping based on the DEM model showed for about 75% of the shore line inclination areas >45 • , only the south-east shore of the lake has small inclinations with 10-25 • . The crater rim consists of very young eruptive material with little consolidation, but existing vegetation reduces the hazard of landslides. However, earthquakes, common in the area (6 earthquakes in 140 years were registered by a chronicler in Otavalo), can trigger rock falls and landslides; during the earthquake in 5 March 1987 (Mercalli mg. VII), that affected the district of Ibarra, a landslide transported large amounts of volcanic debris of some 10 000 m 3 into the crater lake.
The bathymetric map shows two separate lake basins, one with the maximum depth of 148 m extending east of the islands, and the other with a depth of 78 m, situated in the western part of the lake. The declination of the lake's littoral zone is extremely high, and in some parts of the crater rim, a water depth of 50 m is reached only 20 m from the shoreline (Fig. 4) . Lake Cuicocha has no visible continuous inflow, two cascades are served by rain and drainage water and discharge into the lake at the steep northern flank of the crater rim (Fig. 4) ; no direct outflow exists, but one nearby spring is fed by the lake (flow rate ∼1.5 L s −1 ).
Thermal stratification
The temperature in Lake Cuicocha (148 m basin) was characterized by a thermal stratification with very small temperature differences of about 2 • C between the epilimnion, which stretched down to 25 m and the hypolimnion below 50 m; the metalimnion was expended and stretched down from 25 to 50 m (Fig. 5) . However, this temperature difference was sufficient to build up a relatively weak thermal stratification, confirmed by the density calculation ( ρ=0.2795, in March 2005, Table 1a ). The stratification of the lake was confirmed by a corresponding stratification of some physical and chemical parameters (pH, E 7 , cond., CO 2 ; Table 1a ).
The lake circulation is characterized by a monomictic behaviour, overturn occurs in June to September, due to strong winds passing the lake through a shallow caldera flank, located southeast of the crater lake (Fig. 6) . The monomictic circulation behaviour of the lake was confirmed by a corresponding change of pH and CO 2 (see Figs. 11 and 12 ).
The temperature of the total water body of Lake Cuicocha had the tendency to increased values since the begin- 
Warm water spring inflow
Temperature profiles point out an increase in conductivity and temperature in the 78 m lake basin a few meters above the lake floor, indicating a warm water inflow; in the 148 m lake basin, no increased temperature and conductivity in the sediment overlying water were observed (Fig. 5) . But in the 78 m lake basin the differences in temperature and conductivity were small, about +0.03 • C and +17 µS cm −1 between 60 and 74 m (Table 1b ). The significance of this warm water inflow in 78 m could be verified by horizontal monitoring near the sediment with the lake profiler in both lake basins, resulting in a positive temperature -conductivity correlation (Fig. 7) , being characteristic for warm water interference. The density of this water amounted ρ=999.3921-999.3981, that means the density was a little bit increased to lake water (Table 1b) and it could accumulate at the lake bottom, but uprising of gas bubbles and the formation of billows led to a good mixing. In the 148 m basin such a temperature -conductivity correlation did not exist and water near the sediment was quite homogenous in conductivity and temperature. Close to Island Yerovi, an outlet of rising warm water (mean temperature of 24.5 • C, sd=1.1 • C; mean conductivity =2879 µS cm −1 , sd =859 µS cm −1 ) enters into the lake. The warm water temperature was about 8 • C above epilimnic lake water and above the air temperature (July as hottest month: 10.5-24.1 • C as mean min/max night/day temperature, December as coldest month: 8.1-15.4 • C as mean min/max night/day temperature). The water is rich in sodium, calcium and magnesium as cations and chloride, sulphate, bicarbonate and silicate as anions (Table 2) , density of the water is ρ= 997.9261, that means after inflow into the lake an overflow occured.
Water chemistry
Lake Cuicocha is a sodium bicarbonate lake (mean concentration 62 mg L −1 Na + , 240 mg L −1 HCO The dissolved ionic concentration of Lake Cuicocha is significantly elevated with a conductivity value of about 800 µS cm −1 , compared with the inflow from cascades (260 µS cm −1 ) and the non active caldera Lake Mojanda (35 µS cm −1 ). Ionic concentrations indicate a significant influence of the warm water springs for the water balance. The geochemical mass balances of Lake Cuicocha (Cuicocha lake water, Lake Mojanda water as rainwater filled caldera, and warm water spring at Yerovi; Table 2 ) give a portion of warm and ionic rich water of 34% (based on potassium balance), of 24% (sodium balance), respectively of 34% (lithium balance).
The water chemistry of Lake Cuicocha (78 m, 148 m), the cascades and of Lake Mojanda do not differ significantly in terms of relative Cl − -SO 2− 4 -HCO − 3 -content (Fig. 8a) , the waters are bicarbonate water. The warm water spring possesses a higher sulphate content. The relative cation content (KMg-Na-diagram, Fig. 8b) shows quite similar ionic composition for Lake Cuicocha, the cascades, the warm water inflow (sodium dominated water), while Lake Mojanda has magnesium rich water. The NH 4 -Li-B-digram (Fig. 8c) shows a high significance of boron in Lake Cuicocha and in the warm water spring; migration of boron is mainly associated 706 G. Gunkel et al.: Lake Cuicocha to vapour phase which requires a high temperature, negligible concentrations of Li indicate to insignificant leaching of rocks (Martini et al., 1994) .
The vertical profiles during thermal stratification period (Fig. 6) show an epilimnion, which stretches down to 35 m. In the 148 basin chemical composition of the epilimnic water and of the hypolimnic water does not differ very much, due to the weak thermal stratification ( T=1.7 • C) and to the partial mixing processes by night cooling, the so called atelomixis (Gunkel and Beulker, 2008) . In the 78 m basin, the epilimnic water does not differ significantly from the 148 m basin, due to strong wind induced horizontal water currents. But the water samples near the lake bottom show clearly the inflow of warm water springs with increased temperature ( T=0.03 • C, compared with the 148 m basin) and conductivity ( Cond.=26 µS cm −1 ) as well as reduced pH ( pH=0.4) and E 7 ( 18 mV). The input of warm water is too confirmed by the concentration gradient near the lake floor of some water chemical parameters (O 2 , Ca, Mg, Fe) . But this inflow water does not build up a chemocline, a consequence of mixing by uprising gas bubbles (see below).
In Lake Cuicocha Al 3+ concentration is elevated (up to 0.14 mg L −1 Al 3+ ), but still within the range of surface waters. Soluble Al from weathered andesitic rocks covering the catchment area is washed out and transported into the lake by subsurface runoff. After input into the lake, polymerisation reactions occur, forming gelatinous Al 13 polynuclear cations aging to microcrystals (Gunkel et al., 2009a) .
The concentration of boron is increased in the lake and amounts to about 4.3 mg L −1 (= mean, max.= 6.2 mg L −1 ). Whereas the incoming waters (cascades, rain) supply boron in only negligible concentrations (Table 2) , elevated amounts were found in the warm water emission at Island Yerovi. It must be assumed that boron is entering the lake water by dissolution of volcanic gases into warm water below the lake bottom or by steam leakage from a high enthalpy geothermal reservoir.
CO 2 emissions
Continuous gas emissions in Lake Cuicocha occur at four positions, two sites near the shore at a depth of up to 2 m, in the channel between the islands at 5-10 m depth (a new emission area detected in 2006), and in the western basin of the lake at a depth of 78 m (see Fig. 4 ). The emission of gases from the bottom of the lake was verified by using sonar and divers (Fig. 9) .
Underwater gas bubble analyses near Island Yerovi show the main components to be CO 2 with 51.1% (sd=10.1; n=16) and N 2 with 23.1% (sd=3.5) and with small amounts of O 2 (3.04%, sd=1.64), CH 4 (1.66%, sd=0.72) and CO (0.32%, sd= 0.18). Gas emission at the north-west shore show a similar composition.
In Lake Cuicocha, increased concentrations of CO 2 were registered with a CO 2 concentration of about 35 mg L −1 (=27 mL CO 2 per litre water at local surface pressure). The highest concentrations occurred in the deep water >100 m (Fig. 10) , a consequence of the carbonic acid equilibrium Fig. 9 . Sonar print of a gas release at the floor of Cuicocha, western basin, 78 m depth, picture frequency is 0.3 per minutes; red is the return signal, from the hard bottom (red horizontal line) and a few gas bubbles (increasing line), the white line under the bottom contour indicates a hard bottom (whiteline function). and the decreasing pH in the hypolimnic water; the hydrogen carbonate concentration was much higher than the CO 2 concentration and amounted 320 mg L −1 (Table 1a ). In the 78 m basin, where the CO 2 emission took place, were registered slightly higher CO 2 concentrations in the hypolimnion than in the 148 m basin. Nevertheless, in situ CO 2 saturation is low, corresponding to 0.2% saturation level based on gas input. Therefore spontaneous degassing can be excluded.
In the epilimnion and metalimnion (<50 m water depth) reduced CO 2 saturation concentrations occurred due to water heating and pH increase by primary production (Fig. 11) . Only directly near the water surface a slightly increased CO 2 concentrations up to 23 mg L −1 were also registered with an oversaturation level of up to 46 times, related to partial pressure of CO 2 at the lake surface. These changes of the CO 2 concentration were given by the carbonic acid equilibrium and the high portion of bicarbonate in the water, and the sum of the CO 2 species (CO 2 , HCO The accumulated CO 2 in the hypolimnic water is reduced during the lake's overturn period from June to August, and an emission of CO 2 to the atmosphere occurs (Fig. 12) . This monomictic circulation behaviour of the lake prevents an increase in CO 2 to dangerous concentration levels. Fig. 10 . CO 2 concentrations in Lake Cuicocha by lake profiler and pK a /pK b determination; the in situ saturation calculated to pure CO 2 is 0.08-0.10%.
CO 2 and the carbonic acid equilibrium
Precipitation of calcium carbonate was registered at the shoreline of Lake Cuicocha leading to CaCO 3 crusts (calcite) of about 1 cm thickness, reaching down deep into the epilimnion. These precipitations are caused mainly by epibiontic diatoms and blue green algae, which establish a microenvironment. The intensive photosynthetic production (with mean O 2 oversaturation of 199% 5 mm inside the CaCO 3 crusts, min.=152%, max.=216%, n=13) leads to an increase in pH and favours carbonate precipitation. In this way, CaCO 3 is continuously precipitated, but wave action partly destroys these crusts, forming fine carbonate debris, which sinks down to the lake bottom.
In deeper water (>40 m) carbonate re-dissolution conditions exist (Fig. 13) and the Ca-carbonate precipitates will be dissolved. The Ca-carbonate saturation index is strongly correlated to pH and temperature and inversely correlated to conductivity, these parameters change characteristic within the epilimnic/hypolimnic zone. This leads to a cycling of Ca 2+ and CO 2− 3 /HCO − 3 /CO 2 , in the epilimnion CO 2− 3 /HCO − 3 /CO 2 is reduced due to precipitation, and in the hypolimnion CO 2− 3 /HCO − 3 /CO 2 is increased due to dissolution of the carbonate debris (Fig. 14) . This re-dissolution of carbonate in connection with decreased pH must be regarded as another source of CO 2 in the hypolimnic water.
Lake colmation
The sediments in Lake Cuicocha form a thin layer of up to 10 cm, which covers the stony lake bottom (with stones of about 20 cm Ø). The sediment was covered by a thin oxic layer, consisting of brown flocs of up to 0.5 cm diameter (E 7 =200 mV in 148 m depth), and below this a layer of fine anoxic material was registered. The anoxic sediment was formed by mineral and organic detritus (Table 3) . Sediments from the lake bottom (78 m, 148 m) only contained traces of CaCO 3 (10-20 g/kg ds), due to CaCO 3 redissolution, normally the main sediment building component in lakes. The upper oxic sediment layer is formed by precipitation of Al and Si in the water column, which leads to Al polymers, forming large aggregates (50-500 µm) together with organic detritus, living algal cells, bacteria and mineral detritus. These flocs sink down, but are easily resuspended by uprising gas bubbles. Sediment traps, which were exposed to different water depths, showed high sedimentation rates and collected fresh material in the range of a few millimetres (15 m depth) up to 1 cm (75 m depth). The composition of the settled material revealed high concentrations of mineral detritus, pyrite, iron oxidizing bacteria and diatom frustules. The trapped material had a much higher Fe concentration than the lake sediment, a consequence of anoxic conditions in the lake sediment with Fe 3+ reduction to soluble Fe 2+ and of oxidising of Fe 2+ in the lake water with formation of FeO(OH) precipitates.
The gas emissions and the inflow by warm water springs led to the formation of holes in the sediment, registered by the underwater camera (see Gunkel et al., 2008) . Thus the lake colmation in the 78 m basin is destroyed, and this is promoted by the thin sediment layer due to calcium carbonate dissolution, the young age of the lake, and by the uprising of gas bubbles, which occur continuously with high intensity and lead to a re-suspension of the sediments.
Water losses
After an earthquake in 5 March 1987, a rapid water level decrease of about 2 m was observed within two weeks, probably caused by damage to the lake's colmation (per- The earthquake with two seismic shocks occurred 60 km east of Cuicocha, in 3 and 12 km depth, with a magnitude Ms=6.9 (Espinosa et al., 1991 ). Today, the water level is decreasing continuously by about 300 mm per year, and up to now the total decrease in the water level amounts to 6 m. This is obvious at the lake shoreline, where carbonate precipitations above the recent water level document former lake water levels. The water balance of the lake is determined by nearly similar precipitation and evaporation rates (2005: precipitation=1294 mm/a, evaporation=1460 mm/a), while the decrease of the water level was 390 mm (Fig. 15) . A seasonal increase of the water level can be observed during the rainy period, but the input of surface water from the catchment area is not able to compensate for the permanent decrease in the water level. Already an inflow of 5% of the yearly precipitation in the watershed (runoff coefficient of α=0.05) corresponds to a 310 mm lake level rise. The two Water level decrease is not caused by reduced rainfall due to climate change, because it does not take place at the nearby lakes Laguna Mojanda and Lago San Pablo. Thus, a significant amount of the lake's water is lost yearly by percolation.
Discussion
Lake water use and health impact
Water quality of Lake Cuicocha is characterised by an elevated concentration of ions, due to the inflow of warm water springs. The comparison with Lake Mojanda, a nearby inactive caldera lake, fed by rain water, confirms the different water qualities: Mojanda has a conductivity of about 35 µS cm −1 , Lake Cuicocha of 800 µS cm −1 . This elevated conductivity of Lake Cuicocha points at an inflow of ionic rich water such as warm water springs or hydrothermal water, confirmed by the geochemical mass balances of Lake Cuicocha with a portion of warm and ionic rich water of about 25-35% (potassium, sodium and lithium balance). The Na/Cl as well as the Cl/SO 4 ratio does not give a mixing triangle, but some input of HCl and SO 2 with volcanic gases must be taken into account.
Nowadays, Lake Cuicocha water is used directly as drinking water by some of the nearby population and the spring fed by the lake is used by many people for drinking and irrigation. Although Lake Cuicocha is an oligotrophic lake, it must be stated that the water does not reach drinking water quality. The main reason is the elevated concentration of boron (4.2 mg L −1 B, sd=0.7 mg L −1 , n=83, data from [2003] [2004] [2005] , which exceeds the WHO provisional guideline value of 0.5 mg L −1 B by nearly 10-fold (WHO, 2004) . Although boron is not a highly toxic water constituent for humans, permanent use of Lake Cuicocha water for drinking can impact on human health. The water can not be used for irrigation agriculture, because the boron concentration is acutely toxic to plants, for sensitive plants a limiting value of 0.5-1.0 mg L −1 B is given, while tolerant plants are affected by 2.0-4.0 mg L −1 B. Boron is known to be beneficial to plants as a micronutrient, but is toxic to plants at higher concentrations (Scheffer and Schachtschabel, 1989; Moss and Nagpal, 2003) .
Occurrence of underwater volcanic activities
In Lake Cuicocha, emission of gases can be registered at several areas by the application of sonar and the use of divers. The composition of the gases, with high concentrations of CO 2 and parts of CO as well as the occurrence of BO 3− 4 (after the gaseous emission of B compounds) indicate that the migrating gas is of volcanic origin, respectively of a geothermal anomaly (Freeth, 1992; Noll et al., 1996; Martini, 1993; Chiodini and Marini, 1998) , but increased concentrations of N 2 and CH 4 are not completely understood, maybe methanogenese and denitrification are of some significance. The rising of volcanic gases through fractures beneath the lake bottom is an indication of volcanic or post volcanic activity and suggests the necessity for a more complex monitoring. However, gas sampling at the lake floor is still complicated, while for shallow areas the use of divers is helpful. In future, the monitoring of underwater volcanic activity has to be further developed, mainly for quantitative analyses of gases, the inflow of warm water, respectively hydrothermal water and the lake colmation. The detection of a new gas emission area between the islands with warm water springs demonstrates the need for monitoring.
Warm water inflow leads to heating of the lake. Despite the increased temperatures near the lake floor and the higher temperature in the western basin, the lake shows low temperature gradients, because the inflow of warm water in the 78 m basin is rapidly dispersed by billows formed with gas bubble rising.
Hazard of CO 2 accumulation in the lake
In general, deep lakes (>50 m) with CO 2 input possess a potential risk of limnic eruption, because under pressure a large amount of CO 2 is soluble in water. The occurrence of increased CO 2 concentrations in a volcanic lake depends strongly on mixing processes. This means that long term CO 2 accumulation occurs only in amictic and meromictic lakes, while in mono-to polymictic lakes periodical degassing to the atmosphere reduces the CO 2 concentration. Lake circulation behaviour depends on water density as a function of temperature and salt content, and is determined by heating of the epilimnion (increased stability of thermal Scheme of calcium and CO 2 /hydrogen carbonate/carbonate cycling in Lake Cuicocha. Fig. 15 . Water balance of the Lake Cuicocha, evaporation was determined by water losses of a tank at the lake shore. stratification), mixing processes due to wind or night cooling, and lake floor heating due to geothermal or hydrothermal effects (upwelling of heated water). Lake Cuicocha is a monomictic lake with a tendency to atelomixis processes, which means deep diurnal convergence currents by night cooling; this process was proved by results from the nearby lake Lago San Pablo , being in a comparable climatic situation.
An accumulation of CO 2 to a dangerous level does not occur in Lake Cuicocha, even when high amounts of CO 2 are introduced into the lake. This is caused by the emission of gas bubbles and the turbulent exchange processes while rising, the inflow of warm water -may be of hydrothermal origin -alone would lead to a chemocline and the long time accumulation of dissolved ions and CO 2 .
Information about hydrothermal vents in lakes are very scare (Ronde et al., 2002) ; and hydrothermal venting with the build up of chimneys as it was observed in Lake Taupo (Ronde et al., 2002) were not found in Lake Cuicocha. The warm water rised up over a large area through pores and fissures in the lake bottom with simultaneous degassing.
A rough estimation of CO 2 input (the difference in CO 2 concentration in water between overturn and stratification periods) amounts to 3 t per day or 3400 m 3 pure CO 2 gas per month at surface pressure, this value does not include permanent diffuse CO 2 emission. Padrón et al. (2008) investigated this diffuse CO 2 emission rate from Lake Cuicocha and calculated a flux of even 53 t per day, being feasible due to the weak thermal stratification. This CO 2 emission rate can be used to calculate the time needed to reach dangerous CO 2 concentration in the lake if water mixing is hindered: in only 45 years the total hypolimnic water would have reach CO 2 oversaturation and a triggered degassing, the limnic eruption can occur. This points out clearly the significance and need of a regular lake monitoring.
Lake sediments and colmation processes
Lake Cuicocha is a very young lake, only a few hundred years old, and therefore no nutrient accumulation has occurred, and sediment deposition level is very low; typical sedimentation rates in oligotrophic lakes amount to <1 mm per year; the nearby eutrophic Lake San Pablo has a sedimentation rate of 3.5 mm per year (Gunkel, 2003) . In many lakes, calcium carbonate precipitation is the main mechanism of sediment formation by so-called calcareous mud. In Lake Cuicocha this process is interrupted, and the Ca-carbonate saturation index points out clearly an oversaturation in the epilimnion with CaCO 3 precipitation (down to ∼40 m) and a Ca-carbonate undersaturation in the hypolimnion (>40 m) due to decreased pH as a consequence of CO 2 emissions. Calcite formed in the epilimnion by primary production will be dissolved after sedimentation to greater depths. The calcium carbonate cycling process must be regarded as an internal source of CO 2 , too, under neutral to acid conditions. Calcite crusts at the shoreline and the lack of calcite deposits and shells from mussels and snails in the deposited sediments confirm this process.
In Lake Cuicocha the maximum sediment deposition of only a few decimetres since lake formation leads to a very fine colmation layer. This fine sediment layer cause many problems in sediment sampling, and information was obtained by using an underwater camera, together with the sediment corer. This technology confirmed a thin sediment layer on the stony floor, and in the western basin, holes without any sediment cover were observed between the rocks (Gunkel et al., 2008) . These pores were probably formed by gas bubbles rising up and by sediment resuspension due to the gas bubbles, suspended sediments which reach the epilimnic zone will be transferred by wind induced currents and deposited in the 148 m basin of the lake.
In Lake Cuicocha a decrease in the water level of about 2 m in two weeks has been observed after the nearby earthquake of 5 March 1987, and a landslide of some 10 000 m 3 occurred. Since this event, a continuous water level decrease of about 30 cm can be observed by calcareous deposits above the water level as well as by a water gauge during the investigations period. Small fractures in the volcano must be still open and permanently cause water loss. Interaction between ground and surface water and pre-existing or uprising magma will usually result in the generation of stream-driven explosive activity (Mastin and Witter, 2000; Matthews, 2004) , and recently coincidence of increased volcanic activity with intensive rainfall has been discussed on several volcanoes (Matthews et al., 2002; Matthews, 2004; Barclay et al., 2006) . Up to now the significance of caldera lake colmation and lake water losses with pre-existing or uprising magma is less clear, but the percolation of lake water can lead to an increased risk of a phreato-magmatic eruption when it become contact to magma. The caldera of the volcano Cuicocha has been formed about 3000 years BP by an explosive process, and pyroclastic flows covered 180 km 2 with a total volume of 4.1 km 3 , consisting mostly of dacite material (Mothes and Hall, 1991) , which may indicate a geothermal activity. This possibility is supported by isotopes analyses ( 2 H, 10 O) of Lake Cuicocha water which show significant differences to the rain water line (von Hillebrandt, 1989) and too by the boron emission, indicating a high temperature reservoir for gas formation (Martini et al., 1994) . Further investigations of lake colmation and regular monitoring of Lake Cuicocha heating, gas emissions and a hydrothermal activity must be carried out, together with volcanological monitoring.
